Introduction
============

Sarcomas are malignant tumors of mesenchymal origin, arising from bones, muscles, cartilage, fat, nerves, blood vessels, fibrous tissues, or deep skin tissues. Soft tissue sarcomas (STS)are approximately three to four times as common as bone sarcomas ([@b1-mco-0-0-02077]). Osteosarcoma (OS) is the most common form of primary malignant bone tumor in adolescents and young adults and is extremely aggressive ([@b2-mco-0-0-02077]). High-grade OS requires surgery and systemic chemotherapy. The 5-year survival rate is less than 20% for patients with localized resectable primary tumors treated with surgery without chemotherapy ([@b3-mco-0-0-02077]).Unfortunately, overall survival has not improved significantly over the past several decades as no new effective drug regimen has been developed.

Undifferentiated pleomorphic sarcoma (UPS), previously known as malignant fibrous histiocytoma, is the most common sarcoma appearing in adult life ([@b4-mco-0-0-02077]). It is most commonly found in the soft tissues with a less frequent occurrence in the bone. Morphologically, these tumors are composed of fibroblasts, myofibroblasts and histiocytes ([@b5-mco-0-0-02077]). UPS has a high rate of local recurrence and metastasis. It is recommended to treat UPS arising in the bone with a combination of surgery and chemotherapy similar to OS ([@b6-mco-0-0-02077]).

Synovial sarcoma (SS) is the fourth most common type of STS and accounts for 5-10% of all STSs ([@b9-mco-0-0-02077]). SS occurs predominantly in younger adults with a median age of diagnosis of 35 years ([@b10-mco-0-0-02077]). Approximately 70% these tumors arise in the extremities, with significantly better long-term survival outcomes than those with non-extremity involvement ([@b11-mco-0-0-02077],[@b12-mco-0-0-02077]). In patients with localized disease, 10-year survival varies from 8 to 88% depending on the tumor size and location ([@b13-mco-0-0-02077]). Standard treatment for SS is tumor resection and is frequently accompanied by radiotherapy and sometimes chemotherapy.

Local anesthetics (LAs) are widely available medications and relatively inexpensive. LAs are used for various reasons, including adjunctive pain management to decrease opioid use in cancer patients ([@b14-mco-0-0-02077],[@b15-mco-0-0-02077]). They have also been shown to induce apoptosis and arrest cell growth in certain malignancies such as carcinoma of the thyroid and breast ([@b16-mco-0-0-02077],[@b17-mco-0-0-02077]). Recently, we have demonstrated the inhibitory effect of bupivacaine on cartilage-forming tumor cells which was harvested from patients during tumor resection ([@b18-mco-0-0-02077]). In addition to this, the potential benefit of use of LAs during the surgical resection includes a decrease in the risk of metastasis, cancer recurrence, and improvement of overall survival ([@b19-mco-0-0-02077]). LAs may also indirectly influence the long-term outcomes in cancer patients undergoing surgery by modulation of the neuroendocrine stress response and attenuation of immune responses, which both may play a role in tumor metastasis and recurrence ([@b22-mco-0-0-02077],[@b23-mco-0-0-02077]). Metastasis negatively impacts patient prognosis and significantly reduces survival outcomes. Most metastases from sarcoma develop in the lungs (80%), although bone (9.9%) and liver (4.5%) can also occur ([@b24-mco-0-0-02077]).

The purpose of this study was to investigate the effects of bupivacaine on various patient-derived sarcoma tumor cells. This study allows us to evaluate the treatment effects of a medication that is currently available, FDA approved, cost effective, and has an established side-effect profile.

Materials and methods
=====================

### Cell culture and reagents

Different sarcoma types were evaluated in this study including: A high-grade conventional OS obtained from a 24-year-old female with a right distal femur tumor who had undergone neoadjuvant chemotherapy, a high-grade UPS from a 10-year-old male with a right distal femur tumor who had undergone neoadjuvant chemotherapy, and a high-grade SS from a 10-year-old female with a right forearm tumor. The SS was further classified as a monophasic, spindle cell type. There was only limited chemotherapy related tumor necrosis noted in the specimens that were obtained after the patients had undergone chemotherapy.

All specimens were harvested from patients during tumor resection. Human tissue collection protocols were reviewed and approved by the Loma Linda University Institutional Review Board (IRB, cat. no. 58238) in accordance to the provisions of the Declaration of Helsinki, and informed, written consent was obtained from all patients or their guardians. Diagnosis of the harvested tumors was confirmed by pathology ([Fig. 1](#f1-mco-0-0-02077){ref-type="fig"}).

The tumor cell suspension was prepared by cutting the tumors into small pieces. Collagenase was added and shaken at 37̊C for several hours until the tissues dispersed into single cells. The collagenase solution was then centrifuged, and the precipitate was washed. In addition, a human HTB-93 (SS) cell line was obtained from the American Type Culture Collection (ATCC). Cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) and supplemented with 10% fetal bovine serum, 100 U/ml penicillin G and streptomycin, and 1% nonessential amino acids. Cell cultures were maintained in a humidified incubator containing 5% CO~2~ at 37̊C. Patient-derived sarcoma cells were used in experiments after up to 4-5 passages in culture, in order to not significantly change their gene expressions. The doubling rate was constant for up to 5 passages and decreased after that. Preservative-free 0.5% bupivacaine (Marcaine, Hospira) was purchased from McKesson Medical-Surgical Inc.

### Cell viability assay

Cells were seeded in triplicate at a density of 5,000 cells/well in flat bottom, 96-well plates. After cell confluence reached 80%, the cells were treated with 0.125, 0.25 and 0.5% of bupivacaine (4.33, 8.66 and 17.33 mM, respectively) for 60, 120, 240 and 480 min at 37̊C. These doses replicate the commonly used doses of bupivacaine in the clinical setting. The untreated group was exposed to phosphate-buffered saline (PBS) with a pH of 5.5 in order to control for the pH and microenvironment of the treated cells. After various time durations, the bupivacaine was removed and fresh media (10% DMEM) was added. Viability was assessed 48 h after treatment with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT reagent, Roche Diagnostics) according to the manufacturer\'s protocol. The plates were read, and the absorbance at 570 nm was measured on a microplate reader (model 3550; Bio-Rad). The results were expressed as a percentage of the untreated control (% of control). Each experiment was done in triplicate. The mean values for each individual tumor sample were averaged to yield a single mean for the separate tumors.

### Colony forming assay

UPS, SS and HTB-93 cells were exposed to 0.125, 0.25 and 0.5% bupivacaine for 60 and 480 min. The bupivacaine was then replaced with fresh media and colony counting was performed to determine the colony forming potential of the adherent cells. Colonies were stained with 0.01% crystal violet (Sigma-Aldrich) and counted under microscopy on day 14. Cell clusters were considered colonies and therefore counted. Experiments were done in triplicate.

### Microscopic observation of cell morphology

Cells were exposed to 0.125, 0.25 and 0.5% of bupivacaine for 1 h and 0.0156, 0.0312, 0.0625 and 0.125% (0.54, 1.08, 2.16 and 4.33 mM, respectively) for 24 h. Morphological changes in tumor cells were examined by phase-contrast photomicrograph at 24 h after exposure. Apoptotic cells were characterized by cell shrinkage and detachment from the plates.

### Analysis of apoptosis

Cell death by apoptosis was analyzed using the Annexin V-fluorescein isothiocyanate (FITC) apoptosis kit (BD Biosciences). Tumor cells were treated with either 0.25% or 0.5% bupivacaine for various durations. Initially, 1x10^5^ cells were seeded in 6-well plates, and when confluence reached 80%, they were exposed to either 0.25% or 0.5% bupivacaine. After 24 h, both floating and attached cells were harvested and then washed. Flow cytometry with FITC-conjugated Annexin-V/propidium iodide (PI) double staining was used to assess the number of apoptotic cells. Samples were analyzed by flow cytometry (MACSQuant; Miltenyi Biotec). Using the FlowJo software (v10; TreeStar), measurements were displayed as 4 quadrants, in which the lower right quadrant represented the apoptosis rate during the early stages, the upper right quadrant indicated advanced apoptosis rate, the upper left quadrant represented dead cells, and the lower left quadrant represented living cells. The apoptotic rate was calculated as early apoptosis (Ann+/PI-) and late apoptosis (Ann+/PI+). This experiment was repeated 3 times.

### Statistical analysis

Each assay was performed in triplicate and the results were expressed as a mean ± SEM. Statistical comparisons were performed using analysis of variance followed by the Bonferroni t-test and done with Prism v5.01 software (GraphPad Software). A P-value of \<0.05 was considered to be statistically significant.

Results
=======

### Bupivacaine reduces the viability of sarcoma cells

Cell viability data on the cultured tumor cells showed that bupivacaine had dose- and time-dependent cytotoxic effect across all tumor types at clinically relevant concentrations when compared with the controls. Exposure to bupivacaine resulted in a dose- and time-dependent decrease in OS cell viability ([Fig. 2](#f2-mco-0-0-02077){ref-type="fig"}). Significantly decreased viability was observed after exposure to 0.5% of bupivacaine when compared to 0.125% at 60, 120, 240 and 480 min, and to 0.25% at 60, 120 and 240 min (P\<0.001). As the duration of exposure increased, there was a corresponding decrease in cell viability. The time-dependent effect was more pronounced after treatment with 0.125 and 0.25% of bupivacaine, with a significant decrease occurring after 480 min of exposure compared to 60 min (P\<0.001).

Analysis of cell viability data on UPS tumor cells revealed a similar cytotoxic effect after treatment with different doses of bupivacaine ([Fig. 2](#f2-mco-0-0-02077){ref-type="fig"}). Cell death occurred more rapidly after treatment with 0.5% bupivacaine, with a significant reduction in cell viability observed after 60 min. (P\<0.001). The difference in viability with 0.125 and 0.25% bupivacaine was significant at 120, 240 and 480 min compared to 60 min (P\<0.01, P\<0.001 and P\<0.001, respectively).

All concentrations of bupivacaine caused a significant decrease in the viability of SS tumor cells ([Fig. 2](#f2-mco-0-0-02077){ref-type="fig"}). The difference in cell viability with 0.125 and 0.25% bupivacaine compared to 0.5% bupivacaine was significant at all the time points (P\<0.001). Moreover, the difference in cell viability with 0.125% bupivacaine was significant at 240 and 480 min compared to 60 min (P\<0.05, P\<0.001 respectively) but was not significant at 120 min (P\>0.5). The difference in viability was significant at 120, 240 and 480 min compared to 60 min (P\<0.001) in cells that were treated with 0.25% bupivacaine. The cytotoxicity of 0.25% bupivacaine on SS tumor cells at 60, 120 and 240 min was more pronounced compared to OS and UPS cells at the same doses (70% viability vs. 84 and 88%, 46% vs. 69 and 71% and 37% vs. 59 and 53%, respectively). The cell viability data on HTB-93 cells revealed a similar cytotoxic effect after treatment with different doses of bupivacaine ([Fig. 2](#f2-mco-0-0-02077){ref-type="fig"}).

Bupivacaine was also found to disrupt colony forming ability in UPS and SS in a heterologous population as well in HTB-93 cells which are a homologous cell population when compared with the controls. The results showed that the colony formation ability of tumor cells was reduced after exposure to bupivacaine, in a time- and dose-dependent manner ([Fig. 3](#f3-mco-0-0-02077){ref-type="fig"}). The UPS cells had a significant decrease in colony formation at both 0.25 and 0.5% bupivacaine between 60 and 480 min (P\<0.01) with minimal colonies remaining after 480 min at 0.5%. SS demonstrated similar results. HTB-93 had a significant difference between 60 and 480 min at both 0.125 and 0.25%. No colonies remained after treatment with 0.5% at both 60 and 480 min.

### Bupivacaine induces abnormal morphologic changes in sarcoma cells

To verify the cytotoxicity of the drug, the morphological changes in OS, UPS and HTB-93 cells were examined by phase-contrast photomicrograph at 24 h after exposure to bupivacaine. [Fig. 4A](#f4-mco-0-0-02077){ref-type="fig"} shows that OS and UPS cells exhibited abnormal morphological changes, which are associated with programmed cell death (apoptosis) and characterized by cellular shrinkage, turning round, floating and eventually death when compared to untreated tumor cells after 1 h in a dose-dependent manner. Similar results were observed for SS cells (data not shown). These results occurred at clinically relevant doses of bupivacaine.

OS, UPS and HTB-93 cells also exhibited abnormal morphological changes, when exposed to 0.0156, 0.0312, 0.0625 and 0.125% (0.54, 1.08, 2.16 and 4.33 mM) of bupivacaine after 24 h in a dose-dependent manner compared to untreated tumor cells ([Fig. 4B](#f4-mco-0-0-02077){ref-type="fig"}). The cell viability assay showed that the IC~50~ was between 0.04 and 0.05% (data not shown). All together it shows that the cytotoxicity of bupivacaine occurs in a time- and dose-dependent manner.

### Bupivacaine induces apoptosis in tumor cells

During apoptosis, translocation of phosphatidylserine (PS) from the internal *leaflet* of the cellular membrane to the external leaflet is a common feature and key step ([@b25-mco-0-0-02077]). To investigate the mechanism underlying the decreased viability, tumor cells were exposed to bupivacaine at various doses for different time durations. After 24 h, Annexin-V and PI staining was performed. Similar to the results obtained in the cell viability assay, an increase in apoptotic cells occurred across all tumor groups with increased bupivacaine concentration and duration of exposure when compared with the controls ([Fig. 5](#f5-mco-0-0-02077){ref-type="fig"}). For the OS cells, an increase in apoptotic cells was seen after 240 and 480 min of exposure to 0.25%. After exposure to 0.5% bupivacaine an increase was seen at 60 and 120 min, with a significant increase occurring after 240 (P\<0.01) and 480 min (P\<0.001), and a range of 40-70% apoptotic cells present. In the UPS tumor cells, an increase in apoptosis was seen with both 0.25 and 0.5% of bupivacaine. A significant increase occurred after 240 and 480 min of exposure to 0.25% of bupivacaine, with a range of 70-90% apoptotic cells present (P\<0.01 and P\<0.001, respectively). A significant increase occurred after 120, 240 and 480 min of exposure to 0.5% of bupivacaine, with a range of 40-70% apoptotic cells present (P\<0.001; [Fig. 5](#f5-mco-0-0-02077){ref-type="fig"}). For the SS tumor cells, an increase in apoptotic cells was seen with both concentrations, with a significant difference occurring after 240 min (P\<0.05) and 480 min (P\<0.01) of exposure to 0.5% of bupivacaine. The percentage of apoptotic cells remained below 20 with 0.25 and 0.5% of bupivacaine at the remaining time points and did not represent a significant difference (P\>0.05). The HTB-93 cells had a significant increase in the number of apoptotic cells at both concentrations. At 0.25%, a difference was noted at 240 (P\<0.05) and 480 (P\<0.01) min. After exposure to 0.5% bupivacaine, a significant difference was noted at 240 and 480 min (P\<0.001).

Discussion
==========

At clinically relevant concentrations, *in vitro* exposure to bupivacaine caused a decrease in cellular viability and an increase in the induction of apoptosis. These effects were seen in all tumor types evaluated in this study. The results from both the viability and apoptosis assays indicate that longer exposure to bupivacaine causes greater toxicity. Additionally, the cytotoxicity of 0.5% of bupivacaine was greater than that of 0.125 and 0.25% of bupivacaine at all time points for each sarcoma subtype. The data also suggests that apoptosis may play a role in the bupivacaine-induced cytotoxicity observed among the different sarcoma tumors.

The concentrations of bupivacaine (4.33, 8.66, and 17.33 mM) which were used in this study may raise the question whether these concentrations are applicable in a clinical context. Other studies regarding the anti-cancer properties of bupivacaine have used 1-5 mM and tumor cells were exposed for longer times (24-72 h) ([@b26-mco-0-0-02077],[@b27-mco-0-0-02077]). However, in our study, cells were exposed to these concentrations for only 1-8 h. In addition, [Fig. 4](#f4-mco-0-0-02077){ref-type="fig"} shows that the inhibitory effect of bupivacaine can be reached at a lower concentration with a longer exposure time.

Bupivacaine is a common medication for pain control that can be used directly at the surgical site, with peripheral nerve blocks, and with epidural/spinal analgesia ([@b28-mco-0-0-02077],[@b29-mco-0-0-02077]). A continuous infusion can also be performed using patient controlled analgesia or a continuous pump ([@b30-mco-0-0-02077],[@b31-mco-0-0-02077]). During the biopsy of sarcoma, seeding of the biopsy tract can occur ([@b32-mco-0-0-02077]). Infiltrating the biopsy tract with bupivacaine could decrease the risk of contamination during the biopsy. Still, care should be taken not to develop separate planes in the tissue where viable tumor cells could extravasate. After resection, a catheter with a continuous pump of bupivacaine could be used. In theory, this would bathe the resection area in bupivacaine and hopefully decrease the risk of local recurrence.

A limitation of this study is that it was conducted *in vitro*, and therefore does not account for the dilutional effects of bleeding or the absorption and clearance of bupivacaine that would occur *in vivo*. The latter issue may be mitigated with the use of a continuous infusion pump, which would continually bathe the resected tumor bed as noted above. As with all *in vitro* studies, the findings cannot be extrapolated to *in vivo* situations. However, the controlled nature of *in vitro* studies allows for a reproducible and quantitative means of assessing cell viability. Using flow cytometry, we were able to show a dose- and time-dependent cytotoxic effect of bupivacaine on all of the sarcoma tumors that were analyzed.

A significant advantage to the use of bupivacaine is that it is cost-effective, commonly used and has an established side-effect profile. This would allow the medication to be used in clinical trials without the need for the development of a new medication. It also provides a method of pain control for the patient and has been used to perform opioid-free anesthesia in patients with breast cancer undergoing modified radical mastectomy ([@b33-mco-0-0-02077],[@b34-mco-0-0-02077]). Similarly, bupivacaine is commonly used for pain control in orthopaedic surgery to decrease opioid consumption after surgery ([@b35-mco-0-0-02077]). Pain due to cancer is a significant problem and decreasing opioid use in this patient population can have multiple benefits while decreasing the complications associated with opioid use ([@b36-mco-0-0-02077]).

One concern regarding the use of bupivacaine is the risk of systemic toxicity ([@b39-mco-0-0-02077]). Inappropriate dosing or intravascular injection can result in complications such as cardiac arrhythmia and arrest. In the current study, bupivacaine caused cell death *in vitro* with an IC~50~ between 0.04 and 0.05%, whereas 0.25 and 0.5% bupivacaine are the typical concentrations used in the clinical setting. The results are promising that the effects noted in this study could occur *in vivo* at clinically appropriate doses. Another consideration would be to administer bupivacaine while utilizing isolated limb perfusion ([@b40-mco-0-0-02077]). Although the patient would still have to be monitored for both local and systemic toxicity, this may provide an option to treat sarcoma locally by directing the medication through the blood supply.

In this study, we used tumor cells which were harvested directly from patients as well as a commercial cell line. The heterogeneity of the resected sarcoma is present in harvested cells in addition to separate genetic factors for each patient. Still, this raises the question of whether the treatment effect only occurred due to these factors. The advantage of using the cell line in this study would be that the treatment effect is reproducible as the individual patient factors are absent. Sarcomas are a heterogeneous group of malignancies with over 100 subtypes described ([@b41-mco-0-0-02077]). This heterogeneity is further observed in the different subtypes of sarcoma which can lead to resistance to chemotherapy and a worse prognosis ([@b42-mco-0-0-02077]). The fact that each different subtype of sarcoma in this study was responsive to treatment with bupivacaine is promising. This demonstrates that not only the heterogeneity of the different subtypes as well as the heterogeneity of each individual patient was able to be effectively treated.

Future experiments might compare tumor cell viability on a larger number of sarcoma subtypes and with additional formulations of bupivacaine, including 0.75% and liposomal bupivacaine. Other LAs, such as lidocaine may also be considered. If lidocaine also demonstrated toxicity, other treatments, such as intravenous regional anesthesia with a Bier block could also be considered to deliver the medication through the circulation ([@b43-mco-0-0-02077]). Determining the mechanism of action of bupivacaine would also be useful as this may provide an opportunity to develop targeted therapies. An increased understanding of the biomarkers involved would be important as the mechanism causing cell death may differ between the sarcoma subtypes. Testing the treatment *in vivo* in an animal model would also determine whether the *in vitro* findings are translatable.

In conclusion, these findings have potential clinical relevance in the management of patients with sarcoma. Consideration should be given to using bupivacaine while performing biopsies to possibly eliminate contamination of the biopsy tract, and as an adjuvant treatment after tumor resection. Further studies are warranted to determine if these effects are demonstrated *in vivo*.
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![Pathological diagnosis of sarcomas. Histopathology slides of the operative specimens shown on the top row showing features of (A) high-grade osteosarcoma from a right distal femur tumor resection. Arrows note abnormal cells with increased chromatin and mitoses whereas the asterisk demonstrates osteoid formation. The bottom image shows the gross pathology with a calcifying tumor growing outside the femur. (B) A high-grade undifferentiated pleomorphic sarcoma from a right distal femur resection where arrows demonstrate pleomorphic cells of different sizes with mitoses noted. The bottom image is a photograph of the gross pathology with replacement of the bone by tumor with an associated soft tissue component. (C) A high-grade SS from a right forearm tumor resection. Arrows demonstrate hyperchromatic nuclei that are tightly packed together consistent with monophasic SS. The diagnosis was confirmed with an SS18-SSX1 translocation. SS, synovial sarcoma.](mco-13-03-02077-g00){#f1-mco-0-0-02077}

![Bupivacaine reduces the viability of sarcoma tumor cells. Patient-derived sarcoma tumor cells were treated with 0.125, 0.25 and 0.5% (4.33, 8.66 and 17.33 mM, respectively) of bupivacaine for various periods of time. MTT assay was performed after 48 h. The bars represent the mean values of three independent experiments with standard error as error bars. Each experiment was performed in triplicate. ^\*\*\*^P\<0.001, ^\*\*^P\<0.01, ^\*^P\<0.05 vs. control. SS, synovial sarcoma; UPS, undifferentiated pleomorphic sarcoma.](mco-13-03-02077-g01){#f2-mco-0-0-02077}

![Bupivacaine reduces the colony formation ability of sarcoma tumor cells. Sarcoma cells (UPS, SS and HTB-93) were treated with 0.125, 0.25 and 0.5% (4.33, 8.66 and 17.33 mM, respectively) of bupivacaine for various time points. Colonies were stained with crystal violet after 14 days, and the number of colonies was counted. The bars represent the mean values of three independent experiments with standard error as error bars. Each experiment was performed in triplicate. ^\*\*^P\<0.01 vs. control. SS, synovial sarcoma; UPS, undifferentiated pleomorphic sarcoma.](mco-13-03-02077-g02){#f3-mco-0-0-02077}

![Bupivacaine induces abnormal morphological changes in sarcoma tumor cells. (A) OS and UPS tumor cells were treated with bupivacaine for 1 h at the following concentrations: 0.125, 0.25 and 0.5% (4.33, 8.66 and 17.33 mM, respectively). (B) OS, UPS and HTB-93 cells were treated with bupivacaine at concentrations of 0.0156, 0.0312, 0.0625 and 0.125% (0.54, 1.08, 2.16 and 4.33 mM, respectively) for 24 h. Morphologic changes of the tumor cells were examined by phase-contrast photomicrograph after 24 h. The treated cells underwent cellular shrinkage, turned round, floated and eventually death when compared to untreated tumor cells. SS, synovial sarcoma; UPS, undifferentiated pleomorphic sarcoma; OS, osteosarcoma.](mco-13-03-02077-g03){#f4-mco-0-0-02077}

![Bupivacaine induces apoptosis in patient-derived sarcoma tumor cells. Tumor cells were treated with 0.25 and 0.5% (8.66 and 17.33 mM, respectively) of bupivacaine for various time points (60, 120, 240 and 480 min). Cell death by apoptosis was analyzed using the Annexin V-fluorescein isothiocyanate (FITC) apoptosis kit after 24 h. The pseudocolor plot graphs represent Annexin-V/propidium iodide (PI) double staining to assess the number of apoptotic cells from both the patient-derived tumor cells and HTB-93 after treatment with 0.5% of bupivacaine at the indicated time points. Each experiment was performed in triplicate. ^\*\*\*^P\<0.001, ^\*\*^P\<0.01, ^\*^P\<0.05 vs. control. SS, synovial sarcoma; UPS, undifferentiated pleomorphic sarcoma; OS, osteosarcoma.](mco-13-03-02077-g04){#f5-mco-0-0-02077}
